The expression of coxsackievirus ± adenovirus receptor ( CAR ) and the integrins v3 and v5 was analyzed quantitatively ( flow cytometry ) and qualitatively ( immunocytochemistry ) in five human ovarian cancer cell lines ( PEO1, PEO4, PEO14, SKOV -3, and OVCAR -3 ) and three control cell lines ( 293, HeLa, and CHO -K1 ) . The transduction efficiencies were evaluated by adv / rsv --Gal transduction followed by X -gal staining. The effects of 17 -estradiol on cell growth, CAR and integrins v3 / 5 expression, adenovirus transduction efficiency, and cell -killing efficacy of adv / rsv -tk plus ganciclovir were determined. The levels of CAR, integrin v3, and integrin v5 showed great variation between the cell lines. Whereas the expression of CAR appeared to be essential for and positively correlated with adenovirus transduction efficiency, the integrins v3 and v5 were not absolutely necessary for adenovirus transduction even though their presence may facilitate transduction. In PEO4 and PEO1 cells, proliferation was stimulated by 17 -estradiol in a dose -dependent manner. In PEO4 cells, and much less pronounced in PEO1 cells, this was accompanied by an increase in CAR expression. The stimulation of CAR expression was paralleled by an increased transduction efficiency resulting in an increased cell -killing efficacy. Our data suggest that the expression of CAR is one of the most important prerequisites for successful adenovirus -mediated gene therapy of ovarian cancer. Cancer Gene Therapy ( 2001 ) 8, 168 ± 175
O varian cancer is the leading cause of death from gynecologic malignancies. Despite advances in surgical debulking and conventional chemotherapy, long -term survival for advanced -stage ovarian cancer rarely exceeds 15 ± 30%. 1 In this context, alternative therapeutic approaches including gene therapy (gt ) have been vigorously investigated. As nearly 90% of patients has diseases contained within the peritoneal cavity at initial diagnosis, gt may be an especially safe and efficient therapeutic approach in combination with the standard chemotherapy. The peritoneum effectively contains the intraperitoneally administered genetic material, 2 allowing for vector concentrations of sufficient magnitude to facilitate efficient in vivo gene transduction and deterring virus from systemic spreading, which might lead to unexpected side effects. A variety of viral and nonviral systems have been tried to accomplish gene delivery. Adenoviral vectors (adv ) are preferred not only due to their broad range of host and cell targets, but also due to the relatively low risk of insertional mutation of host genes. Moreover, high titer (10 12 ±10 13 virus particles /mL ) of recombinant adv can be produced 3 and the carrying capacity of adv allows also the transport of larger therapeutic genes.
Although adenovirus -mediated gene transfer was seen to be highly successful under in vitro conditions, it was noticed that there were great differences with respect to transduction efficiencies among different cell lines. 4 ± 7 Compared to Ovca -2774 and Ov -ca-1225 cells, a more than 8 -fold multiplicity of infection ( MOI ) is necessary to obtain an equal percentage of tumor cell death in SKOV-3 cells. Though in animal studies adenovirus -mediated gt in combination with chemotherapy is able to reduce tumor burden to prolong survival and, in some cases, even to cure the animals with xenotransplanted cancer, 8 a disparity between the in vitro and in vivo gene transfer efficiencies has been reported. 9, 10 A relatively low transduction efficiency at viral dosages up to 1Â10 11 plaque -forming units ( pfu ) was observed in one clinical study. 11 However, the transduction efficiency as one of the prerequisites for successful gt has not been analyzed in detail so far. Due to the recent identifications of the coxsackievirus ± adenovirus receptor ( CAR ) 12 ± 14 and the identification of MHC class I 2 domain as a putative adenovirus type 5 fiber receptor, 15 adenovirus entry is relatively well defined. The initial step of adenovirus infection involves the attachment of the knob domain of viral fiber protein to a primary cellular receptor, such as a CAR or MHC class I 2 domain. The internalization is further facilitated by interaction between the arginine ±glycine± aspartic acid motif of the viral penton base and cell surface integrins v3 and v5. 16 Adenovirus is internalized in clathrin -coated endosomes. 17 The virion is dismantled within an endosomal compartment and translocated to the nuclear pore complex. Viral replication, or target gene expression in case of adv, takes place in the nucleoplasm. 18 We hypothesized that the different transduction efficiencies observed among several cell lines might be related to different levels of adenovirus receptor expression on the cell surface. Therefore, we analyzed CAR, integrins v3 and v5 expression with respect to adenovirus transduction efficiency in five human ovarian cancer cell lines. Previously, we have reported that slow -growing cells were less transducible. 7 Because the proliferation of PEO1 and PEO4 cells lines is inducible by estradiol in a dose -dependent manner,
19 ± 21 these cell lines were used to study the relationship between cell growth rate, transduction efficiency, and cell -killing efficacy in more detail.
MATERIALS AND METHODS

Cell lines
The human ovarian cancer cell lines PEO1, PEO4, and PEO14 were the gifts from Dr. S.P. Langdon ( ICRF, UK ). 19, 20 The NIH:OVCAR -3, SKOV-3, HeLa ( human cervical adenocarcinoma cell line, CAR -positive ), 293 ( transformed human embryo kidney cell line, CARpositive ), and CHO -K1 ( Chinese hamster ovary epithelial cell line, CAR -negative) were obtained from ATCC. The 293 cell line was maintained in Dulbecco's modified Eagle's medium with high glucose supplemented with 2 mM L -glutamine, 1 mM sodium pyruvate, 100 U / ml penicillin, 100 g /mL streptomycin, and 10% heat -inactivated horse serum. The CHO -K1 cell line was maintained in Ham's F12K medium supplemented with 2 mM L -glutamine, 1 mM sodium pyruvate, 100 U /mL penicillin, 100 g/mL streptomycin, and 10% heat -inactivated fetal bovine serum. All media and supplements were obtained from Gibco Life Technologies ( Karlsruhe, Germany ) except for steroid hormone-free fetal bovine serum, which was obtained from c.c.pro (Neustadt, Germany ) . Cell lines were cultured either in 96 -well, in six -well tissue culture plates, or in flasks at 378C and 5% CO 2 using a humidified incubator.
Recombinant adenovirus
The construction of recombinant adenovirus with Rous sarcoma virus (rsv ) promoter -driven -gal expression ( adv/ rsv --Gal ) and herpes simplex virus thymidine kinase expression (adv /rsv -tk ) has been described previously. 22 
Antibodies and other agents
Flow cytometric analysis
Flow cytometric analysis of CAR, integrins v3 and v5 expression was carried out essentially as described. 12, 24 Cells were grown to 70% confluence and single cell suspension was obtained by treatment with EDTA / trypsin. After washing with phosphate -buffered saline ( PBS ) , the single cell suspension was incubated with either RmcB at 1:1000 dilution, anti-v3 mAb at 20 g /mL, antiv5 mAb at 20 g/ mL, or an unspecific antibody ( isotype control) diluted to the same concentration as the specific antibodies. PBS containing 2% fetal bovine serum and 0.1% sodium azide was used for the dilution of antibodies and washing of the cells. After incubation ( 1 hour, on ice ) , samples were washed twice, followed by incubation with FITC -conjugated goat antimouse IgG at 1:50 dilution ( 1 hour, on ice ). After washing once with PBS containing 2% fetal bovine serum and 0.1% sodium azide, samples were washed with PBS and incubated with 500 L PBS containing 40 g/mL propidium iodide and 0.8 mg /mL RNase A (20 minutes, room temperature [ RT ] in dark ). Using the Lysis II program, 10 4 cells/ sample were analyzed on FACScan ( Becton Dickinson) . Dead cells were gated out by propidium iodide staining, and positive populations were determined by gating the right -hand tail of the distribution of the isotype negative control sample for each individual cell line at 1%. This gate setting was used to determine the percentage of positive cells and their geometric mean fluorescence intensity. We adopted a semiquantitative score system 25 to express the relative expression of the above markers: Scores = Percentage of positive cellsÂGeometric mean fluorescence intensity. nol (50:50 ) for 2 minutes at RT and blocking of endogenous peroxidase by incubation with 3% H 2 O 2 (10 minutes, RT ) . Slides were incubated (3 hours, RT ) with RmcB ( 1:150 ) , anti -v3 mAb ( 10 g/ mL ) , anti -v5 mAb ( 10 g/ mL ), or isotype control at the same concentration as the specific antibodies. The Super Sensitive Concentrated Detection Kit and ImmunoPure Metal -Enhanced DAB Substrate Kit were used to reveal immunoreactivity according to the manufacturer's instruction. Slides were washed twice ( PBS ) between the steps and finally counterstained with Mayer's hematoxylin.
adv / rsv --Gal transduction and X -gal staining
Cells amounting to 1Â10 4 in 2 mL complete medium were seeded in each well of six -well tissue culture plates and incubated at 378C and 5% CO 2 in a humidified incubator to measure the transduction efficiency of adv /rsv --Gal. Twelve hours later, medium was removed and replaced with adv/rsv --Gal at a density of 500 viral particles /cell in serum -free medium. Based on our experience that 10 viral particles are equal to 1 pfu, the viral dosage used is equal to a MOI of 50 if the ratio of pfu per cell is used to define MOI. After a 2 -hour incubation, medium was replaced with 2 mL fresh complete medium. Twenty -four hours later, cells were fixed and stained as described previously. 22 The percentage of transduced blue cells per well was determined by counting 10 separate microscopic high -power fields. All experiments were done in duplicate and all cell lines were tested.
Cell growth assay
To determine the effect of 17 -estradiol on the growth rate of the PEO1, PEO4, PEO14, and OVCAR -3 lines, cells were first cultured for 3 days in RPMI 1640 medium containing 10% of steroid hormone-free fetal bovine serum. After washing with PBS twice, cells were plated in hormone-free complete medium in flat -bottomed 96-well microtiter trays (600 cells/well for PEO1 and PEO4 cells and 200 cells /well for PEO14 and OVCAR -3 cells) . Twenty-four hours later, culture medium was replaced by fresh medium containing either 1Â10 À 12 , 1Â10 À 10 , or 1Â10 À 8 mol /L 17 -estradiol (initially dissolved in ethanol) . The final concentration of ethanol in medium was less than 0.01% v /v, a concentration previously shown to have no effects on these cell lines. 20 The control group of cells was cultured in fresh hormone-free medium containing an equal amount of ethanol. After 72 hours of incubation, medium was replaced by fresh medium containing 17 -estradiol (for concentrations, see above ) and after another 72-hour incubation, medium was replaced by RPMI 1640 medium containing 5 mg / mL MTT. After 4 hours of incubation, medium was carefully removed, the formazan dye was dissolved by dimethylsulfoxide, and absorbance at 595 nm was read on a Rainbow Thermo Reader ( Tecan, Austria ) with 695 nm as a reference. To keep the finally measured cell numbers right in the linear range of the MTT assay, the numbers of cells seeded initially were adjusted to the individual proliferation rate of each cell line.
Effects of 17 -estradiol on CAR, integrins v3 and v5 expression
Cells were first cultured for 3 days in RPMI 1640 medium containing 10% of steroid hormone -free bovine serum. After washing twice with PBS, cells were divided equally and cultured for 24 hours before the medium was replaced by fresh medium containing either 1Â10 À 12 , 1Â10 À 10 , or 1Â10 À 8 mol / L 17 -estradiol. The control group of cells was cultured in fresh hormone -free medium containing an equal amount of ethanol. Seventy -two hours later, flow cytometric analysis of CAR, integrins v3 and v5 expression was performed.
Effects of 17 -estradiol on adenovirus transduction efficiency
Cells were cultured for 3 days in RPMI 1640 medium containing 10% of steroid hormone-free fetal bovine serum. After washing twice with PBS, cells were plated at a density of 1000 cells /well in triplicate wells in six -well tissue culture plates. After 24 hours, culture medium was replaced by fresh medium containing either 1Â10 À 12 , 1Â10
À 10 , or 1Â10 À 8 mol / L 17 -estradiol. Seventy -two hours later, adv /rsv --Gal transduction and X -gal staining were performed.
Effects of 17 -estradiol on adv / rsv -tk + gcv cell -killing efficacy
Cells were first cultured for 3 days in RPMI 1640 medium containing 10% of steroid hormone -free fetal bovine serum. After washing twice with PBS, cells were plated in hormone -free complete medium in flatbottomed 96-well microtiter trays (200 cells/well for PEO1 and PEO4 cells and 100 cells /well for PEO14 and OVCAR -3 cells ) . After 24 hours, culture medium was replaced by fresh medium containing either 1Â10 À 12 , 1Â10 À 10 , or 1Â10 À 8 mol /L 17 -estradiol. Seventy -two hours later, cells were incubated with adv /rsv -tk at a MOI of 50 in serum -free medium. The medium containing adenovirus was replaced with fresh hormone -free complete medium after a 2-hour incubation. Twenty -four hours later, the medium of the adv/ rsv -tk ±transduced cells was replaced with hormone -free complete medium containing 10 g/mL ganciclovir ( gcv ); the medium of the respective controls groups was replaced with hormone -free complete medium only. Because previous experiments have shown that neither adv /rsv -tk nor gcv at these concentrations is cytotoxic on its own, these controls were not included. 22 After 48 hours, identical replacement of medium was repeated. After another 48 hours, MIT assay was performed. For each group, a concurrent control group was treated with serum -free medium only. The cell -killing efficacy was calculated as the relative percentage of growth inhibition: %Growth inhibition = (1 À B /A ) Â100, where A is the absorbance from the untransduced concurrent control group incubated with medium alone, and B is the absorbance from the transduced group incubated with medium containing 10 g /mL gcv.
Statistic analysis
The two-tailed Student's t test was used for statistical analysis.
RESULTS
CAR, integrins v3 and v5 expression
CAR was expressed at different levels in all five human ovarian cancer lines and three control cell lines (Table 1 , Figs 1A and 2 ). Whereas virtually no expression of CAR was seen in CHO -K1 cells, SKOV-3 and PEO1 cells expressed CAR at very low levels. CAR was moderately expressed in OVCAR -3 and PEO4 cell lines, whereas the cell lines HeLa, PEO14, and 293 expressed CAR at high levels. CAR expression in PEO14 cells was about 60 -to 80 -folds higher than in PEO1 and SKOV-3 cell lines, respectively. With respect to integrins v3 and v5 expression, also great differences among the eight cell lines were observed ( Table 1 ) . PEO4 and 293 cells expressed neither v3 nor v5, whereas CHO -K1 cells expressed only v5 at a very low level. In contrast, SKOV-3 and PEO14 cells expressed v3 at a nearly identical high level, whereas in OVCAR -3 cells both of the integrins and in PEO1 cells v5 are expressed at moderate levels.
Adenovirus transduction efficiency
A MOI of 50 achieved 100% transduction in 293 cells (Fig  2 ) . Even though for this cell line a much lower MOI would be sufficient (data not shown ) , this MOI was chosen to compare the transduction efficiencies of different cell lines with respect to the surface density of CAR and /or integrins v3/5. At a MOI of 50, 94% of PEO14, 69% of HeLa, 82% of OVCAR -3, 56.% of PEO4, 42% of SKOV-3, and only 14% PEO1 cells were transduced. CHO -K1 cells were extremely resistant to adenovirus transduction; however, we 
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found occasional few blue -stained cells under low -power magnification ( Figs 1B and 2 ). With the exception of SKOV-3 and OVCAR -3 cell lines, a strong correlation ( r 2 =0.964 ) between transduction efficiency ( as judged from the X -gal staining score ) and CAR density on the cell surface exists (Fig 2B ) . If the data for SKOV-3 and OVCAR -3 cells were included in the calculation, the correlation coefficient would drop (r 2 = 0.790 ).
Effects of 17 -estradiol on cell growth rates
Monolayer growths of PEO1 and PEO4 cells were stimulated by estradiol in a dose -dependent manner, whereas no stimulation was found in PEO14 and OVCAR -3 cells ( Fig 3A ) .
Effects of 17 -estradiol on CAR and integrins v3/5 expression CAR expression in PEO4 was stimulated by estradiol in a dose -dependent manner. In contrast, estradiol showed no effect on the CAR expression in OVCAR -3 and PEO14 cells (Fig 3B ) . In PEO4 cells, 1Â10 À 8 mol /L estradiol caused an increase of CAR expression by 37.5%, compared to control cells cultured in hormone -free medium. This difference was statistically significant ( P= .02) . In PEO1 cells, only a slight increase of CAR expression on stimulation with estradiol was seen. However, the density of CAR on the cell surface was still very low due to the .963. For this calculation, the cell lines SKOV-3 and OVCAR-3 were excluded because for these cells, the observed transduction efficiency is likely to be a consequence of the concomitant integrin expression rather than CAR expression alone. extremely low basal level and this increase is rarely significant. In none of the ovarian cancer cell lines studied was any significant effect of estradiol on the integrin v3/5 expression observed (data not shown ).
Effects of 17 -estradiol on adenovirus transduction efficiency and cell -killing efficacy
In PEO1 and PEO4 cells, stimulation with estradiol resulted in an increasing transduction efficiency and finally in an improved cell -killing efficacy ( Fig 3C and D ) . Compared to control cells, up to 1.9-fold of basal transduction efficiency was achieved in PEO1 cells and 2.5-fold in PEO4 cells when 1Â10 À 8 mol / L estradiol was added to the culture medium. The differences are statistically significant ( P= .02 and P < .001, respectively ) . Meanwhile, an up to 6.4 -fold increase in cell -killing efficacy was seen in PEO1 cells and a 6.2 -fold increase in PEO4 cells was seen in cells cultured in medium containing 1Â10 À 8 mol / L estradiol, with respect to control cells cultured in hormone-free medium. These differences are also statistically significant ( both P <.001) . In contrast, in PEO14 and OVCAR -3 cells, estradiol had no effect on transduction efficiency and cellkilling efficacy (Fig 3C and D ) .
DISCUSSION
The CAR protein, encoded by a single gene on human chromosome 21, is a 46 -kDa glycoprotein, which also serves as a cellular receptor for many other adenovirus serotypes from subgroups A, C, D, E, and F. 26, 27 CAR is a 365 -amino acid transmembrane protein with a short leader, a 222 -amino acid extracellular domain, a membrane-spanning helical domain and a 107-amino acid intracellular domain, which belongs to the immunoglobulin gene superfamily. 12, 14 Its extracellular portion consists of two immunoglobulinlike domains, which are sufficient to permit virus attachment and entry. 28 Though CAR mRNA is present in varying abundance in many human tissues, 13, 14 its physiological function is currently unknown.
Integrins are a family of widely expressed cell surface molecules, which are important not only for the attachment of cells to the extracellular matrix, but also for mediating cell ±cell adhesion. There are eight known subunits and 14 known subunits of integrins, which always form heterodimers. Integrins play important roles in a variety of physiological and pathological conditions, e.g., thrombosis, inflammation, and cancer. 29 At present, five members of the v subfamily are known ( v1, v3, v5, v6, and v8 ) and it was suggested that this subfamily is involved in the regulation of adhesion and invasiveness of carcinoma and melanoma cells. 30, 31 Furthermore, integrins v3 and v5 have been shown to be secondary receptors facilitating adenovirus internalization. 16 CAR expression was quite variable among five human ovarian cancer cell lines, spanning about two orders of magnitude between the lowest ( SKOV-3 ) and the highest ( PEO14 ) level of expression (Table 1, Figures 1 and 2 ) . In addition, a large difference was also observed in integrin v3 and v5 expression, from negative (PEO4) to strongly positive ( SKOV-3 and PEO14 ) ( Table 1 ) . As expected, the adenovirus transduction efficiency generally correlated with the level of CAR expression, with two exceptions, i.e., OVCAR -3 and SKOV-3 cells ( Fig 2A and  B ) . Even though CAR expression in OVCAR -3 and SKOV-3 cells was less than that in HeLa and PEO1 cells, respectively, the adenovirus transduction efficiencies in OVCAR -3 and SKOV-3 cells were higher than in HeLa and PEO1 cells, respectively. It is tempting to speculate that for OVCAR -3 and SKOV-3 cells, besides CAR, the integrins v3 and v5 are involved in internalization of adenovirus. This consideration is supported by the fact that in SKOV-3 cells, the highest scores of integrins v3/ 5 were observed, and that in OVCAR -3 cells, the v3/5 scores were about six and three times those observed in HeLa cells (Table 1 ) . More interestingly, even though in PEO4 and OVCAR -3 cells on one hand and in PEO1 and SKOV-3 cells on the other hand the CAR scores are virtually identical, a difference with respect to the transduction efficiency is obvious for each of these pairs ( Fig 2B ) . It is likely that in SKOV-3 and OVCAR -3 cells, the integrins v3 and /or v5 account to the improved adenovirus internalization and finally transgene expression. However, integrin v3 /5 expression seems not to be limiting for adenovirus transduction. For 293 cells and PEO14 cells, both expressing CAR at virtually the same level, nearly the same transduction efficiencies were observed even though in PEO14 cells the surface density of v3 was two orders of magnitude above that in 293 cells. But clearly, with the data presented here, the individual participation of integrin v3 and CAR with respect to internalization of adenovirus in PEO14 cells cannot be figured out. In general, our data indicate that transducibility is correlated with the expression of CAR ( Fig 2B ) . Although integrins v3 and /or v5 may also participate in adenovirus internalization, their effects became only obvious when the density of CAR on the cell surface was below a certain threshold level.
However, we could not rule out the role of other integrins, which were not tested in the current study. For example, 293 cells express integrin v1 as the predominant vitronectin receptor on the cell surface, 32 and PEO4 cells might possibly express other subfamilies of integrins, which might also be involved in vector internalization. Further experiments are necessary to support this interpretation of the data. Consistent with our interpretation that the expression of CAR and integrins v3/5 is a prerequisite for adenoviral transduction is the observation that CHO -K1 cells, which express only integrin v5 at an extremely low level, are resistant to adenovirus transduction.
Very recently, for human bladder cancer cells, 33 melanoma cells, 34 myeloma cells, 35 glioma cells, 36 and skeletal muscle cells, 37 it was shown that the level of CAR correlated with adenovirus transduction. However, MHC class I level was not observed to be associated with adenovirus transduction efficiency, 34, 37 though it was found to be adenovirus type 5 fiber receptor. 15 Furthermore, integrins v3 and v5 did not appear to be absolutely necessary for efficient adenovirus transduction of respiratory epithelial cells, 38 39 in contrast to previous reports that integrins v3 and v5 were necessary for adenovirus entry. 16, 24 Nevertheless, it was suggested that integrins v3 and v5 might be facilitative rather than necessary or limiting for efficient adenovirus entry into the host cell. 36, 38 Estradiol stimulated the growth of PEO1 and PEO4 cells in a dose -dependent manner, and at least in PEO4 cells, also the CAR expression. Even though in PEO1 cells a slight effect of estradiol on CAR expression was seen, this is barely significant. The effect of estradiol on the expression of CAR is possibly indirectly due to the enhanced cell proliferation because in PEO14 and OVCAR -3 cells, proliferation cannot be stimulated by estradiol and the expression of CAR was constant ( Fig 3) . It is unlikely that estradiol imposed a direct regulatory role on CAR expression via binding of estrogen receptor ( ER ) to responsive elements. PEO1 and PEO4 cells have ERs functional for growth stimulation but defective for progesterone receptor induction. Conversely, OVCAR -3 cells express ERs functional for progesterone receptor induction but are defective for growth stimulation possibly due tò`p oor receptor level''.
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In parallel to the stimulation of adenoviral receptor expression, transduction efficiency and cell -killing efficacy were increased in PEO4 and PEO1 cell lines by estradiol in a dose -dependent manner, whereas no effect of estradiol on these parameters was seen in OVCAR -3 and PEO14 cell lines (Fig 3 ) . The increased transduction efficiency, and therefore the improved cell -killing efficacy, appears to be due to the enhanced expression of adenoviral receptor. In addition, accelerated proliferation may sensitize cells to the chain terminator converted from gcv. It should be stressed that differences in adenovirus transduction efficiency cannot be explained by differences in cell duplication time ( CD ) as CAR expression and not CDT correlated with transducibility.
In summary, we have shown that CAR, integrins v3 and v5 are expressed at varying levels in five human ovarian cancer cell lines. Only CAR expression is essential for and positively correlated with adenovirus transduction efficiency, whereas integrins v3 and v5 expression is not absolutely necessary for adenovirus transduction though their presence may facilitate transduction. Furthermore, CAR expression in PEO4 cells, and much less pronounced in PEO1 cells, is induced by estradiol in a dose -dependent manner, possibly due to accelerated proliferation, and accompanied by a parallel increase of transduction efficiency and cell -killing efficacy.
